The aim of the CYGNO project is the construction and operation of a 1 m 3 gas TPC for directional dark matter searches and coherent neutrino scattering measurements, as a prototype toward the 100-1000 m 3 (0.15-1.5 tons) CYGNUS network of underground experiments. In such a TPC, electrons produced by dark-matter-or neutrino-induced nuclear recoils will drift toward and will be multiplied by a three-layer GEM structure, and the light produced in the avalanche processes will be readout by a sCMOS camera, providing a 2D image of the event with a resolution of a few hundred micrometers. Photomultipliers will also provide a simultaneous fast readout of the time profile of the light production, giving information about the third coordinate and hence allowing a 3D reconstruction of the event, from which the direction of the nuclear recoil and consequently the direction of the incoming particle can be inferred. Such a detailed reconstruction of the event topology will also allow a pure and efficient signal to background discrimination. These two features are the key to reach and overcome the solar neutrino background that will ultimately limit non-directional dark matter searches.
I. INTRODUCTION
T HE search for dark matter is one of the main topics of experimental particle physics in these years. Most of the experiments are performed following the well known WIMP paradigm: dark matter could be made of weakly-interacting particles (with a cross section for interaction with standard matter around or below 10 −40 cm 2 ) with a mass in the GeV to TeV range. These assumptions match indeed the astrophysical and cosmological evidences for dark matter and the predictions for the lightest stable new particle in many supersymmetric models, making this scenario very attractive.
The very small cross section for interaction with standard matter pushed the experimental efforts toward the development of large and high-density detectors, with LXe two-phase time projection chambers (TPCs) leading the field, see Fig. 1 . On the other hand, some limitations of such an approach are starting to emerge:
• Large-mass target nuclei imply a very low nuclear recoil energy, below the detecting threshold, if the mass of the WIMP is small. It makes the region around and below 1 GeV almost unexplored so far. • The sensitivity of the next-generation experiments will approach the so-called neutrino floor, i.e. the level at which the detectors will start to collect events of re- Fig. 1 . Current limits on WIMP-like dark-matter spin-independent inrteractions, from [1] .
coils from coherent scattering of solar, atmospheric and supernova neutrinos on nuclei. These events will be undistinguishable from dark-matter-induced recoils and hence would constitute an irreducible background for dark matter searches. Moreover, the striking evidence for an annual modulation in the rate of nuclear recoils in the DAMA experiment [2] and all controversies around it demonstrate that some peculiar feature on data is needed to claim unambiguously the observation of a dark matter signal.
A worldwide effort is ongoing to overcome these difficulties by developing gas TPCs with Helium-based mixtures for dark matter searches. Helium would provide a light target, experiencing recoils with relatively high energy (a few keV or more) even from scattering of WIMPs of GeV or sub-GeV mass. The low density of the gas would also make such recoiling nuclei to travel millimetric distances, making it possible to reconstruct the direction of the recoil. It would give in turn an information about the direction of the incoming particle. Since the earth moves in the dark matter halo of our galaxy, and the event rate is expected to be larger for particles seen in the direction of the earth motion (corresponding to the direction of the Cygnus constellation), the directional capabilities of such detectors would allow to distinguish a dark matter signal from backgrounds generally coming from other directions. The drawback of such a low-mass target is of course the large volume that is needed to reach a mass large enough to be competitive in terms of exposure with experiments made of solid or liquid targets. Anyway, services needed by a gaseous detector at atmospheric pressure are typically compact and the cost per unit volume relatively small, so that active volumes of 100 m 3 (corresponding to 100 kg with the gas mixtures under study) are not impossible to assemble is a single site, while the ton scale could be reached by a network of similar detectors in multiple sites, as envisaged by the worldwide collaboration named CYGNUS-TPC.
We discuss here the CYGNO experiment, a project for the development of a 1 m 3 TPC instrumented with optically readout gas electron multipliers (GEMs), as a part of the CYGNUS-TPC effort. Such a detector would work as a demonstrator for larger scale experiments based on the same technology, providing at the same time interesting limits in the GeV WIMP mass region and opening other interesting opportunities in neutrino physics.
We also introduce the INITIUM project, aiming at the development of gas TPCs with negative ion drift, which would allow to overcome some of the limitations of the conventional gas TPC approach.
II. THE GEM OPTICAL READOUT Gas electron multipliers are widely used since several years as the multiplication stage in gaseous TPCs, mainly thanks to their stability at high rates and their capability of suppressing the back-flow of positive ions produced in the avalanche toward the drift volume. Although these requirements are not critical in a dark matter detector, GEMs turned out to be a good choice in this field for other reasons we will illustrate here, if the optical readout technique is adopted. In electron avalanches many photons are usually produced, mostly in the UV range but also in the visible region. The yield of visible light is particularly enhanced in gas mixtures containing scintillating components like CF 4 . If pictures of a GEM in the dark are taken, avalanches can be seen as light spots. It allows a 2-dimensional reconstruction of events occurring in the detector, with a very high granularity at a reasonable cost, considering that a single photo camera provides millions of pixels and can be used to image an arbitrarily large surface. The limits are imposed only by the amount of light to be collected to have a sufficient signal over noise ratio. It makes this technique very attractive for directional dark matter searches, that require very large detectors with a granularity high enough to reconstruct submillimetric tracks.
The optical readout of GEMs with sCMOS cameras was successfully investigated in the last decade [3] . He:CF 4 mixtures were studied, and volume compositions from 60:40 to 70:30 where found to be the most luminous and stable. A picture of a 20 cm × 24 cm triple-GEM detector with 20 cm drift volume, imaged by an Hamamatsu Orca Flash 4.0 camera [4], with a 25 mm focal length, f/0.95 aperture optics and an exposure of 5 seconds is shown in Fig. 2 . The camera was placed at a distance of about 60 cm from the GEM, so that the full surface of the GEM could be framed. Different species of events can be recognized, including cosmic rays and different kinds of natural radioactivity.
The light produced by avalanches in GEMs can be also captured by photon detectors like PMTs or SiPMs. In this case, the position information is lost but the very fast response allows to study the time development of the track. In a TPC, where the track can travel a significative distance along the drift field, electrons produced along the track can arrive at different times that can be resolved by fast photon detectors (typical drift velocities being in the order of 30 µm/ns). This information can be exploited to study the development of the track along the drift direction. In combination with the sCMOS picture (double optical readout), it provides a 3-dimensional reconstruction of the track [5] .
III. THE CYGNO PROJECT
The aim of the CYGNO project is the construction of a 1 m 3 gas TPC with a He:CF 4 mixture, that is intended as a demonstrator for a 100 kg-scale detector for the directional search of low-mass WIMPs, to be installed at Laboratori Nazionali del Gran Sasso (LNGS), Italy. Considering that the density of the gas mixtures under study is typically O(1 kg/m 3 ), the CYGNO detector will have an active mass of about 1 kg.
The detector will be made of 2 face-to-face drift volumes, 50 cm long, separated by a cathode and readout at the two sides by triple-GEM stacks, 1 m 2 total surface each. A set of 18 cameras (9 per side) will be used, framing a 33 cm × 33 cm surface each. A set of PMTs or SiPMs will be also installed in between the cameras, also looking at the GEMs, to allow the reconstruction of the third coordinate. A conceptual design of the detector is shown in Fig. 3 .
The design of the detector will be completed in 2020 and followed by the construction, with the goal of running the experiment at LNGS starting around 2021.
IV. THE CYGNO PROTOTYPES
A few prototypes are used to assess the performances of the technologies to be used in CYGNO. The first tests of the double optical readout have been performed with a small prototype (ORANGE) equipped with a 10 cm × 10 cm triple-GEM and a drift volume of 1 cm depth.
A second, larger prototype was built (LEMON) with 20 cm × 24 cm triple-GEM and 20 cm drift volume (see Fig. 4 ). The uniformity of the field in the drift volume is guaranteed by a field cage made of a set of metal rings embedded in 3Dprinted holders and kept at a voltage linearly increasing with the distance from the GEM stack. The field cage is completed by a cathode made of a fine wire mesh. The transparency of the cathode allowed to place the PMT behind it. Drift fields up to several hundred V/cm were tested.
Currently, a third prototype (LIME) is under construction, with the aim of testing the main construction parameters of CYGNO. The sCMOS camera will frame a surface of 33 cm × 33 cm from a distance of about 60 cm. The drift volume will be 50 cm deep. Different field cages and cathodes will be tested, including a conventional set of metal electrodes or a continuous resistive sheet, providing the correct voltage gradient. The gastight container will be built in PMMA, as we foresee to do in CYGNO.
V. DETECTOR PERFORMANCES AND PHYSICS REACH
The main specifications of the sCMOS camera are quoted in Table I . We performed a measurement of the sCMOS sensor noise taking data with the camera completely blinded [6] . Contiguous illuminated pixels are grouped in clusters, and the distribution of the total light in the clusters is shown in Fig. 5 . From this plot we expect < 10 events per year if a threshold of 400 photons is set, without any other kind of selection on the cluster shape. In this setup, 400 photons correspond to about 2 keV of energy released in the detector. It indicates that, from the instrumental point of view, a threshold of a few keV can be easily reached. 6 . An example of cluster reconstruction and particle identification with the ORANGE prototype. The raw picture (left) is processed to reconstruct clusters and assign them to different species of events (right).
On the other hand, the experimental threshold of the detector, when installed underground at LNGS, will be eventually determined by the capability of rejecting background from natural radioactivity. We started a detailed simulation of the background expected in CYGNO, taking into account the radioactivity spectra measured at LNGS and including different options for the detector shielding. Preliminary results indicate that a γ rejection capability of O(10 5 − 10 6 ) is required. It can be reached by exploiting the very detailed characterization of the track shape provided by the high granularity of the optical readout. Fig. 6 , which was taken with the ORANGE prototype, shows how it is possible to separate and identify clusters produced by different kinds of natural radioactivity. Activities to develop pattern recognition algorithms to automatically identify them are ongoing.
Another critical aspect of the experiment is the capability of inferring the direction of the nuclear recoil. Recent tests show that the shape of recoil tracks down to 15 keV is still asymmetric enough to extract a directional information. The determination of the resolution that can be reached for such a low energy will be the objective of studies in the next future.
The main limiting factor for both background rejection and directionality is the diffusion of the electrons drifting in the gas. Diffusion in the He:CF 4 (60:40) gas mixture was studied in LEMON by measuring the reconstructed size of clusters produced by a collimated 55 Fe X-ray source as a function of its position along the drift volume [7] . Thanks to the very low diffusion in CF 4 , a diffusion coefficient of only ∼ 130 µm/ √ cm was measured. Diffusion provides on the other hand the possibility of inferring the position of the track along the drift direction. Indeed, the absence of a prompt signal associated to the track prevents to reconstruct this position from a drift time measurement. Instead, the smearing of the reconstructed track due to the diffusion and its dependence on the drift distance allow to distinguish track produced at different distances from the GEMs. This possibility was investigated using ∼ 450 MeV electron tracks at the Beam Test Facility (BTF) of INFN Laboratori di Frascati. The size of the observed clusters, normalized by their amplitude, is influenced by the diffusion, that smears more clusters produced farther from the GEMs. It allows to reconstruct the coordinate along the drift direction with a resolution of about 7%, corresponding to 3.5 mm at the maximum drift distance in CYGNO (50 cm). This feature is crucial to reject events happening near the GEMs or the cathode, which could be due to the radioactivity of the materials, and hence define a fiducial volume (fiducialization) with a minimum loss of active mass.
Putting together our current estimates of the detector performances, and considering either a 1-year exposure of a 1 m 3 detector or a 3-year exposure of a 30 m 3 detector, we expect to set the limits shown in Fig. 7 . 
VI. THE NEGATIVE-ION OPTION: THE INITIUM PROJECT
Two of the main limitations of the technique proposed for CYGNO are the impact of diffusion on the directional and background rejection capabilities, and the difficulties connected to the fiducialization based on diffusion. An idea to overcome these issues consists in adding to the gas mixture a small amount of an extremely electronegative gas like SF 6 . When free electrons are produced by ionization, they can be captured by the electronegative gas to form different species of negative ions like SF − 6 or SF − 5 . Negative ions would drift toward the GEM stack, where they can release the electron due to the strong electric field and produce a normal electron avalanche. The main advantages of this technique rely on the very low diffusion experienced by negative ions and on the presence of different ion species. The low diffusion coefficient would produce very good images of the event. The different species would drift at different velocities, and arrive at the GEMs with time delays proportional to the drift distance. It would allow a precise measurement of the coordinate along the drift direction.
While previous attempts of using negative-ion drift have been made with pure electronegative gases at low pressure [8] , in 2016 it has been demonstrated for the first time that negativeion operation is possible in a more conventional gas mixture at nearly atmospheric pressure with the addition of a small SF 6 component [9] . It opened the way to the combination of negative ion drift and optical readout.
The goal of the INITIUM project is to demonstrate that negative-ion operation can be advantageous in a setup similar to the one of the CYGNO experiment. The construction of a small prototype (MANGO), to be operated in these conditions, with 10 cm × 10 cm GEMs and 5 cm drift region, is currently ongoing and will be followed by tests of negative-ion operation in CYGNO.
